Previous studies indicate the degree of myocardial echo contrast enhancement may be related to regional myocardial perfusion. In this study, myocardial contrast echocardiography was used to characterize changes in the transmural myocardial blood flow distribution that were provoked by rapid atrial pacing in 11 patients with one-vessel coronary artery disease. Ten patients without coronary artery disease served as controls. Myocardial contrast echocardiography was performed by intracoronary injection of 2 ml hand-agitated amidotrizoate sodium meglumine (Urografin-76) and by imaging a short-axis view of the left ventricle with twodimensional echocardiography before and during injection of the contrast agent. The twodimensional echocardiographic images at end diastole, before and after injection of the contrast agent, were digitized off-line into a 512 x 512 pixel matrix with 256 gray levels/pixel to quantify the degree of the enhancement of the peak gray level after injection. Transmural myocardial blood flow distribution was evaluated by measuring the ratio of the enhanced gray level in the endocardial half (endo) to that in the epicardial half (epi) (endo:epi gray level ratio) in the anteroseptal, posterolateral, and inferior segments before and just after rapid atrial pacing in each patient. In patients without coronary artery disease, there were no differences in the endo:epi gray level ratio between any of the three segments both before and after pacing. Mean values of the three segments were 0.95±0.08 before pacing and 0.90±0.13 after pacing, respectively. In contrast, in patients with coronary artery disease, the endo:epi gray level ratio for the segment supplied with stenotic coronary artery decreased after pacing (0.40±+0.21 vs. 0.93+0.18, p <0.01), probably reflecting subendocardial myocardial ischemia, whereas that for the segment supplied with nonstenotic coronary artery remained unchanged (0.88+±0.20 vs. 0.99±0.23, NS). Thus, changes in transmural myocardial blood flow distribution with rapid pacing, which may be due to transient subendocardial ischemia, are visualized with myocardial contrast echocardiography. (Circulation 1989;79:233-244) M y yocardial ischemia is clinically anticipated from ST segment depression in an electrocardiogram because reduction in coronary blood flow causes a shift in transmural myocardial blood flow distribution toward epicardial site, producing myocardial ischemia predominantly in the subendocardial layer.1'2 The changes in transmural myocardial blood flow distribution during
myocardial ischemia are well demonstrated and visualized in experimental studies by radionuclide microsphere methods.3-5 However, there has been no imaging method to visualize transmural myocardial blood flow distribution in humans.
Experimental studies6-11 have shown that regional myocardial blood flow or perfusion is visualized or evaluated by injecting echocardiographic contrast agent into coronary artery and by imaging of a myocardial cross-section after injection (myocardial contrast echocardiography [MCE] ). Recently, several investigators12-14 have demonstrated that MCE is successfully applied even to humans to estimate perfusion zones of coronary artery during cardiac catheterization. Because cross-section of the myocardium is often well visualized with twodimensional echocardiography, MCE may provide useful information about not only regional myocar- 80/130 -/+ Ejection fraction was calculated from end-diastolic and end-systolic left ventricular volumes which were measured from left ventriculography using standard area-length methods. Positive ECG change was defined as ST segment depression of greater than 0.1 mV. CAG, coronary angiography; EF, ejection fraction; HR, heart rate; ECG, electrocardiography; M, male; F, female; LAD, left anterior descending coronary artery; AS, anteroseptal; LCX, left circumflex coronary artery; PL, posterolateral; RCA, right coronary artery; I, inferior; , not applicable. dial blood flow but also transmural myocardial blood flow distribution. The purpose of this study is to examine whether MCE visualizes changes in transmural myocardial blood flow distribution that are provoked by rapid atrial pacing in patients with coronary artery disease.
Methods

Patient Selection
Forty consecutive patients with suspected coronary artery disease and without concomitant previous myocardial infarction referred to diagnostic cardiac catheterization were studied. Twodimensional echocardiography was performed before cardiac catheterization, and nine patients with inadequate two-dimensional echocardiographic images of the short axis of the left ventricle were excluded from this study. Right and left coronary angiography was performed by the femoral approach in all patients. Ten patients with coronary stenosis greater than 75% in more than one vessel were also excluded. Thus, the study population consisted of 11 patients with coronary artery disease (six men and five women; aged 51-78 years; mean, 63 years) and 10 patients without coronary stenosis of greater than 50% (six men and four women; aged years; mean, 57 years). Informed consent was obtained in all patients for both cardiac catheterization and the contrast echocardiography protocol. All patients exhibited normal wall motion assessed by left ventriculography, and ejection fraction ranged from 55% to 90% (mean, 70%) ( Table 1 ). All of the 11 patients with coronary artery disease had effort angina, and none had previous myocardial infarction. Coronary stenosis greater than 75% was observed in the left anterior descending artery in six of the 11 patients, in the left circumflex artery in two of them, and in the right coronary artery in three of them. The coronary collateral situation was observed in three patients with coronary artery disease and was estimated by a three-point scale (absent, poor, or good) according to previously published criteria. 15 It was considered to be poor in two patients and good in one patient. The degree of coronary stenosis and coronary collateral situation were graded by the discussion of two experienced angiographers.
Myocardial Contrast Echocardiographic Study
Two-dimensional echocardiographic images were obtained by a commercially available phased array system (Model SSH-65A ultrasound system, Toshiba Corporation, Japan) with a 3.8-MHz transducer. Myocardial contrast echocardiography (MCE) was performed by imaging a parasternal short-axis view at the midpapillary muscle level during intracoronary injection of 2 ml amidotrizoate sodium meglumine (Urografin-76), which was hand-agitated during its passage through a three-way stopcock. Echocardiographic images were recorded by videotape recorder (Model BR 6400, Victor Corporation, Japan) from approximately 10 seconds before the injection of the contrast agent until the contrast enhancement was no longer evident. Gain settings were adjusted at the beginning of each recording and were not changed during the remainder of the study because gain settings have been well known to affect regional echo amplitudes.16-18 Before rapid pacing, MCE was performed by the injection of the contrast agent to the left and right coronary arteries.
Rapid atrial pacing was performed to provoke myocardial ischemia by an intravenous pacing catheter inserted into the right atrium. Pacing was continued for 3 minutes at a rate of 150 beats/min in four patients; in the remainder, pacing was continued at a rate as high as possible without atrioventricular block occurring. After rapid pacing, MCE was repeated by the injection of the contrast agent into the left and right coronary arteries. In patients with coronary artery disease, contrast agent was injected first to the coronary artery with stenosis, followed by the injection to the other coronary artery. The first injection of the contrast agent for MCE was performed within 5 seconds after cessation of pacing, and the second injection was performed at the mean interval of 52 seconds (range, 40-70 seconds) after cessation of pacing.
Electrocardiogram and aortic blood pressure were continuously recorded from 2 minutes before MCE until 5 minutes after disappearance of contrast enhancement from the two-dimensional echocardiographic image. Serum creatine phosphokinase (CK), CK-MB, glutamic oxaloacetic transaminase (GOT), and lactate dehydrogenase (LDH) levels were measured before and at 8 and 48 hours after cardiac catheterization.
Echocardiographic Analysis
The system used for the analysis of echocardiographic image was a commercially available microprocessor-based off-line echocardiographic viewing system consisting of a personal computer (Model PC-9801, NEC Corporation, Japan) and a high-speed image processor capable of digitizing echocardiographic fields in real time (Models 68322 and 6400, NEXUS Corporation, Japan). This system was used to convert each two-dimensional echocardiographic image in the video tape to a 512 x 512 pixel matrix image with 256 gray levels/ pixel and to quantify the intensity of echocardiographic signals in the regions of interest that were End-diastolic echocardiographic images of the short-axis midpapillary muscle plane of the left ventricle before and after MCE were used for analysis. End diastole was defined as the point that coincides with the upstroke of the electrocardiographic R wave. Echocardiographic images of the left ventricle were divided into three segments based on the common coronary artery supply: anteroseptal (left anterior descending artery supply), posterolateral (left circumflex artery supply), and inferior segments (right coronary artery supply). The anteroseptal and posterolateral segments (left coronary artery supply) were defined as the region that showed myocardial contrast enhancement by the injection into the left coronary artery. These two segments were empirically separated from each other by establishing a boundary at a position equivalent to the 2 o'clock mark. The inferior segment was defined as the region that exhibited myocardial contrast enhancement by the injection into the right coronary artery. Each segment was divided into two layers of epicardial and endocardial halves by the operator, and gray levels were measured for each half of each segment. Each region of interest was traced by hand, excluding the endocardium and epicardium. The gray level before injection was subtracted from the gray level after injection, and the subtracted gray level was used to calculate the endo:epi gray level ratio, which is defined as a ratio of the gray level for the endocardial half to the gray level for the epicardial half. The value for quantitative analysis was determined as an average of five preinjection measurements in the best quality images and as an average of three postinjection measurements in the images where contrast enhancement was considered to be peak. In this analysis, the gray levels in the anteroseptal and posterolateral segments were evaluated by the left coronary artery injection of the contrast agent and that in the inferior segment was evaluated by the right coronary artery injection of the contrast agent ( Figure 1 ).
Reproducibility of Results
The reproducibility of the measurement of the endo:epi gray level ratio was assessed in five patients by repeating injections of agitated urografin and measuring the ratio for both injections. Intraobserver and interobserver variability was determined by measuring the endo:epi gray level ratio in 10 injections twice by the same observer and by two independent observers, respectively. The mean endo:epi gray level ratio measured in the two sequential injections was 0.98 ± 0.08 and 0.92 ± 0.06, respectively; the mean of the absolute difference between the two was 0.11 ± 0.06. The mean endo:epi gray level ratio measured by the same observer at two different times was 0.76 ± 0.36 and 0.73 ± 0.38, respectively (absolute difference, 0.05+0.04) and the mean endo:epi gray outlined by the operator. level ratio measured by two observers was 0.76 ± 0.36 FIGURE 1. Myocardial contrast echocardiograms of a short-axis view at the midpapillary muscle level in a patient without coronary artery disease (patient 9). End-diastolic images before (left) and after (middle) injection of the agitated contrast agent into the left coronary artery (A) and the right coronary artery (B). Right panels show the degree of the enhancement of the gray level per pixel by the contrast agent injection in the anteroseptal, posterolateral, and inftrior segments. It is noted that left coronary artery injection produces increases in gray levels in the anteroseptal and posterolateral segments and that right coronary artery injection produces an increase in the inferior segment. and 0.800.O40, respectively (absolute difference, 0.10±0.08).
Statistical Analysis
All data are expressed as mean±SD. Paired t test was used to compare the values before and after pacing. Analysis of variance and a multiple comparison method were used to compare the values among groups.
Results
No significant electrocardiographic, hemodynamic, and enzymatic changes were observed after MCE in any of the patients studied. T wave inversion on electrocardiogram were recognized in three of 21 patients, but these changes were transient and returned to the control level within 45 seconds. No ST segment changes, ectopy or atrioventricular block were observed in this study. Heart rate and aortic pressure changed just after injection of the contrast agent, but any of these changes were within 10% and transient, and all returned to the control levels within 30 seconds. Changes in serum CK, CK-MB, GOT, and LDH levels were within 10% of the levels before cardiac catheterization in all patients, and these returned to the control levels within 48 hours.
Endo:Epi Gray Level Ratio in Patients Without
Coronary Artery Disease Representative two-dimensional images of MCE before and after rapid pacing in a patient without coronary artery disease are shown in Figure 2 . By the injection of contrast agents into the left coronary artery, endocardial and epicardial halves of myocardium are stained in the anteroseptal and posterolateral segments both before and after rapid pacing.
Absolute enhanced echocardiographic intensities in the endocardial and epicardial halves and the endo:epi gray level ratios before and after rapid pacing in the 10 patients without coronary artery disease are shown in Tables 2 and 3. The endo:epi gray level ratios before rapid pacing for anterosep- tal, posterolateral, and inferior segments were 0.84±0.17, 0.93±0.18, and 1.04 +0.14, respectively, and there were no significant differences between any of these segments. The mean endo:epi gray level ratios in each segment did not change after rapid pacing ( Figure 3 ), and there were no significant differences in the endo:epi gray level ratios between any of the three segments after rapid pacing, either. It is noted that the mean endo:epi gray level ratios were approximately 1 in any segments, indicating that the gray level for the endocardial half is nearly equal to that for the epicardial half in any segments.
Chest pain or a significant electrocardiographic change (horizontally shaped ST segment depression more than 0.1 mV in electrocardiogram) were provoked by rapid pacing in two patients (patients 4 and 8). In these two patients, the endo:epi gray level ratio did not remarkably change after rapid pacing in any segments, with the exception of the posterolateral segment of patient 4.
Endo:Epi Gray Level Ratio in Patients With Coronary Artery Disease
No patients exhibited chest pain or electrocardiographic changes at rest. Chest pain was provoked by rapid atrial pacing in eight of the 11 patients with coronary artery disease, and significant electrocardiographic changes were observed in nine patients ( Table 1 ). Representative two-dimensional images of MCE before and after rapid pacing are shown in decreased from a mean of 0.93 0.18 to 0.40 ±0.21 Figure 4 . By the injection of contrast agents into the after rapid pacing (p < 0.01) ( Figure 5 ). stenotic coronary artery, both endocardial and epi-There were three patients who had only one of cardial halves of the supplied myocardium were two evidences of myocardial ischemia of chest pain stained before rapid pacing. However, after rapid and electrocardiographic change after rapid pacing pacing, the injection into the stenotic coronary (patients 17, 18, and 21). The remarkable decrease artery generally did not stain the endocardial half of in the endo:epi gray level ratio after rapid pacing the supplied myocardium as much as it did the was observed in two of the patients. In the patient epicardial half.
without chest pain or electrocardiographic changes Absolute enhanced echocardiographic intensities (patient 16), there was no change in the endo:epi in the endocardial and epicardial halves and the gray level ratio by rapid pacing despite 75-89% endo:epi gray level ratios before and after rapid coronary stenosis. pacing in the 11 patients with coronary artery Discussion disease are shown in Tables 2 and 4. The mean endo:epi gray level ratios before rapid pacing for MCE was performed to visualize changes in the segments supplied with nonstenotic coronary transmural myocardial blood flow distribution, artery and for the segments supplied with stenotic which were quantitatively analyzed by a digital coronary artery were 0.99±0.23 and 0.93+0.18, imaging technique. respectively, and there were no significant differ-E ences between them. The endo:epi gray level ratio Echogenic Contrast Agent decreased with pacing by more than 50% in two of Although the precise mechanisms of the contrast 20 segments supplied with nonstenotic coronary echocardiographic enhancement have not been clarartery; however, there was no significant change in ified, introduction of microbubbles formed by vigthe mean endo:epi gray level ratio with pacing orous agitation of the solutions is probably (0.99±0.23 vs. 0.88±0.20). In the segments sup-implicated.'2 Several contrast agents and agitation plied with stenotic coronary artery, it significantly methods have been used to minimize side effects Mean of each segment FIGURE 3. Plots ofendo:epi gray level ratios before and after rapid pacing in the patients without coronary artery disease. There were no significant differences in the mean values of the endo:epi gray level ratios between before and after rapid pacing in any segments and the mean values of the three segments, although there were significant changes in the endo:epi gray level ratio bypacing in several cases. Note that mean values ofthe endo:epigray level ratio is nearly 1. 0.
and to improve quality of contrast enhancement in experimental and clinical studies. In this study, hand-agitated amidotrizoate sodium meglumine was used as a contrast agent. Feinstein et al19 have described that the hand-agitation method makes larger and less-homogenous microbubbles than in sonication method. The mixture solution obtained by hand-agitation method contained microbubbles ranging in size from 4 to 23 ,um (14±5 ,um, mean ± SD) measured under the light microscope at a magnification of x 450 with the aid of an eyepiece net reticle. Uniformity of microbubble size is considered to be essential in the evaluation of myocardial perfusion using echocardiographic intensity or washout time.20,21 Although effects of the size and uniformity of microbubbles might have been partly reduced in this study by taking the ratio of the echocardiographic intensity in the endocardial half to that in the epicardial half, the hand-agitated bubbles might not permit completely reliable assessment of postarteriolar flow patterns, thus limiting the ability to detect small changes in endo:epi flow ratio. The use of uniform small microbubbles in the future might play a role in better defining perfusion defects. Concerning side effects of MCE, we have examined electrocardiographic, hemodynamic, and enzymatic changes in all patients. The changes observed were slight and transient, and any of these changes were no more than those observed in a standard coronary angiography. These findings are supported by the previous experimental and clinical studies.7"13'22 Gillam et a123 have shown that microbubbles made by hand-agitation had no histologic effects on myocardium, brain, or kidney and that associated electrocardiographic changes, wall motion abnormalities, and hemodynamic changes are all slight and transient. Thus, the hand-agitated amidotrizoate sodium meglumine is considered to be safe and may be used as a contrast agent for this kind of study. This statement, however, may not be true in patients with depressed cardiac function; thus, patients with multivessel diseases or depressed cardiac function or both were excluded from this study.
MCE is a relatively new technique that permits the identification of myocardial perfusion area supplied with the injected site of coronary artery. [7] [8] [9] [10] [11] 24, 25 This technique is also applicable to humans.12 '13'22'26'27 Goldman and Mindich12 first evaluated potentially jeopardized myocardial regions with MCE during openheart surgery in humans. Myocardial contrast effect by intracoronary injection of the agitated polygelin colloid solution was demonstrated in humans by Santoso et al. 13 Myocardial perfusion patterns obtained by intracoronary injection of sonicated contrast medium were compared with angiographically determined coronary artery anatomy in patients free of significant coronary artery disease, and the feasibility of this technique to identify regional perfusion at the papillary muscle level was demonstrated.26 On the basis of these studies in patients without coronary artery disease, MCE was used even in patients with coronary artery disease at rest,22,27,28 and the feasibility of MCE to detect changes in myocardial perfusion by coronary angioplasty and to identify the area at risk of dyskinesis during acute coronary occlusion are documented. 22, 28 Quantification, rather than the presence or absence of the enhanced contrast, was investigated in experimental studies.24,25 Kemper et a125 showed that the amount of contrast enhancement can provide quantitative information about myocardial blood flow. A recent clinical study20 showed that measurement of peak contrast intensity after intracoronary injections of contrast medium provides a relative index of myocardial perfusion that allows assessment of regional coronary reserve in patients with coronary artery disease. However, MCE has not been used to assess the transmural blood flow distribution yet.
Transmural Flow Distribution in Patients Without Coronary Artery Disease
There were no significant differences in the endo: epi gray level ratio before rapid pacing among anteroseptal, posterolateral, and inferior segments in the patients without coronary artery disease. The mean endo:epi gray level ratio was nearly equal to 1 for all segments. These data indicate that transmural myocardial blood flow distribution is homogenous from endocardium to epicardium in all areas of the left ventricular short-axis image. This is comparable to the experimental findings3 where endo:epi myocardial blood flow ratio assessed with radioactive microsphere method was 1.0 at rest in dogs without anatomic coronary artery obstruction.
Rapid pacing did not change the endo:epi gray level ratio in patients without coronary artery dis- The enhancement of the gray levels is observed in endocardial and epicardial halves of the anteroseptal and posterolateral segments before rapid pacing. However, just after rapid pacing, the enhancement is observed only in the epicardial half. ease, indicating that there is no maldistribution of transmural flow provoked by rapid pacing. Also, there was no change in the endo:epi gray level ratio after rapid pacing in all but one segment in individual patients exhibiting chest pain or electrocardiographic change. One might think these findings support the concept that minimal ST-T change on the electrocardiogram and subjective symptom of chest pain can be due to other causes. 29 However, the possibility of myocardial ischemia in these patients cannot be ruled out on the basis of the findings obtained by MCE because the current technique of MCE may be preliminary and too coarse to detect smaller changes.
Transmural Flow Distribution in Patients With Coronary Artery Disease
There are several experimental attempts to characterize the abnormalities of subendocardial myocardial isehemia. OUriordan et a15 reported that myocardial gas tension induced by rapid atrial pacing was associated with the decrease in endo:epi myocardial blood flow ratio measured with radioactive microsphere methods. Also, using a radioactive microsphere method, Neill et a14 reported that tachycardia induced by intravenous injection of atropine in the presence of coronary stenosis causes lactate production as well as a marked transmural shift in distribution of microspheres from subendocardium into subepicardium. On the basis of these findings, rapid atrial pacing is expected to be useful to provoke subendocardial myocardial ischemia in patients with coronary artery disease. It is also noted that MCE produces alterations in coronary flow due to contrastinduced hyperemia30; therefore, this might have enhanced subendocardial myocardial ischemia observed in our patients. The endo:epi gray level ratios were nearly equal to 1 before rapid pacing both in the segments Segments supplied with Segments supplied with non-stenotic coronary stenotic coronary artery artery FIGURE 5. Plots of endo:epi gray level ratios of the segments supplied with nonstenotic coronary artery and stenotic coronary artery in the patients with coronary artery disease. In the segments supplied with nonstenotic coronary artery, the mean endo:epi gray level ratio did not significantly change by rapidpacing, although remarkable decreases in the ratio were observed in two segments supplied with nonstenotic coronary artery. In contrast, those in the segments supplied with stenotic coronary artery decreased by rapid pacing in all segments.
supplied with nonstenotic coronary artery and in most of the segments supplied with stenotic coronary artery. These data indicate that there was no maldistribution of transmural blood flow before rapid pacing in not only the segment with nonstenotic coronary artery but also the segment with stenotic coronary artery. This is comparable to the experimental study4 showing that reduction of the coronary flow by 20% does not cause myocardial maldistribution of radioactive microsphere at rest. On the other hand, Lang et a128 showed that severe coronary stenosis produces myocardial underperfusion or perfusion defect even at rest. In this study, seven of the 11 patients with coronary artery disease had coronary stenosis of 90% or more, and neither a perfusion defect nor a remarkable decrease in the endo:epi gray level ratio was observed in any jeopardized segments at rest, suggesting no myocardial subendocardial ischemia or maldistribution of transmural blood flow, which is consistent with absence of chest pain or electrocardiographic changes. Collateral flows or some other factors might have prevented myocardial underperfusion in these patients. However, the technique used in this study may only detect rather substantial changes in perfusion; thus, relation between the degree of the coronary stenosis and transmural blood flow distribution at rest are needed to be clarified by future studies.
The endo:epi gray level ratio significantly decreased after rapid pacing in only the segment supplied with stenotic coronary artery. This finding is also comparable to the recent preliminary experimental study31 where MCE has been demonstrated to be useful to assess changes in regional endo:epi flow ratio that was induced by intravenous dipyridamole in dogs subjected to a critical coronary stenosis that did not alter resting coronary flow. The decrease in the endo:epi gray level ratio after rapid pacing was observed even in the patients without chest pain or electrocardiographic change. These findings may be explained by the fact that maldistribution of transmural flow may precede symptoms and the electrocardiographic change. 32 There was a patient (patient 16) who did not have chest pain, electrocardiographic change, or any significant single area of perfusion abnormality assessed with MCE despite 75-89% stenosis in the left anterior descending coronary artery. This patient had good coronary collateral flows from right coronary artery to left anterior descending coronary artery before pacing, and this collateral flow, as well as relatively mild coronary stenosis, might have prevented myocardial ischemia.
MCE provides information of myocardial perfusion and wall motion at the same time. Thus, we compared the endo:epi gray level ratio and qualitative estimates of wall motion abnormalities after rapid pacing. In five of eight segments with the endo:epi gray level ratio of less than 0.60, hypokinesis or akinesis developed after rapid pacing. In the other three segments, wall motion abnormalities were not recognized despite the decreased endo:epi gray level ratio. These findings imply that the maldistribution of perfusion may precede not only symptoms and electrocardiographic changes but also wall motion abnormalities.
The mean endo:epi gray level ratio was nearly 1 for the nonjeopardized segments before pacing, indicating no transmural blood flow maldistribution at rest. Although remarkable decreases in the endo:epi gray level ratio in the nonjeopardized segments were observed in two patients (patients 14 and 20) after pacing, the mean endo:epi gray level ratios did not significantly change after pacing in the nonjeopardized segments, suggesting the absence of subendocardial ischemia in the nonjeopardized segments.
Methodologic Limitations
Despite clear trends of mean values of the endo: epi gray level ratio observed in patients with and without coronary artery disease, there was a considerable variability of individual cases that cannot be explained by the specific reasons of individual cases. The variability may be in part explained by methodologic limitations. Limitations arising from the size and nonuniformity of microbubbles have been already described. Several other methodologic limitations are noted. First, enhancement of gray level is affected by several factors, such as the gain setting, angle of incidence, axial and lateral resolution, the ultrasound attenuation, regional gray level variation, and the injection volume of contrast agent. [16] [17] [18] 20, 21, 27, 33 Thus, we did not refer to the values of gray level in the endocardial and epicardial halves, respectively, but measured the endo:epi gray level ratio because effects of aforementioned factors are thought to be reduced by taking the ratio.
In the quantification of the gray level, the saturation of echocardiographic amplitudes on the video display in the contrast enhanced images, referred to as the "blooming" phenomenon,11 and the potential effect of echocardiographic contrast-producing shadowing of areas behind the region of interest should be considered. The blooming phenomenon is considered to affect the endocardial and epicardial halves equally; however, the effect of shadowing is particularly important for the ischemic anteroseptal region because echocardiographic contrast in the subepicardial layer may affect the echocardiographic contrast in the subendocardial layer. Further, effects of the compression of the more intense log signals should also be considered. 16 It is because the video signal output from the ultrasound system is primarily log-compressed and, therefore, the more intense signal response will not be direct or linearly related to the presence of the microbubbles, whereas at a lower concentration, the microbubble concentration versus intensity may be more directly related. The role of the effects of the compression of the more intense log signals in this study is unclear; however, because our data are so clear, this may be unlikely to play a significant role.
Last, the two-dimensional echocardiographic short-axis image of the myocardium was divided into only three segments along the common coronary artery perfusion boundaries by the operator. Therefore, there should be potential variants of perfusion patterns, if collateral flow, dominant vessel, and coronary variants are considered. Although these factors may have influenced the reproducibility of the technique, they probably had a lesser effect in the comparison between preinjection and postinjection images because the same regions of interest were used for analysis. Improvements in computer analysis of the image should provide better methods of subdividing the myocardial wall into segments with less observer interaction and improved reproducibility.34
Clinical Implications
Clinically, the myocardial blood flow is evaluated by coronary angiography, thallium scintigraphy, and digital subtraction angiography. MCE appears to offer several advantages over these methods. One potential advantage relates to the MCE capability to visualize and characterize regional as well as transmural myocardial blood flow distribution. Further, MCE provides simultaneous information of wall motion and myocardial perfusion without any risk by radiography or radio isotope. Up to now, no other methods are available to refer to the transmural myocardial blood flow distribution in humans, despite the probability that it is of considerable value and interest for both detection and evaluation of subendocardial myocardial ischemia. MCE might be one of the most promising methods for the assessment of transmural myocardial blood flow distribution. Although the technique used in this study may detect only rather substantial changes in myocardial perfusion, the sensitivity of detecting smaller changes in transmural myocardial perfusion may become a reality with the use of smaller and uniform microbubbles, a linear compressed ultrasound signal, and improved computer analysis.
Several investigators35,36 reported on efforts to develop echocardiographic contrast agents that can safely and effectively traverse the vascular beds of the lung and can, therefore, be applied for an intravenous MCE procedure. In the near future, MCE may, thus, be performed "noninvasively." If effective in providing regional myocardial opacification, extent of underperfused zones, as well as absolute blood flow and its distribution, could be evaluated by MCE in a variety of clinical settings of heart disease.
